JOURNAL OF ENGINEERING PHYSICS

365

CRITICAL HEAT LOADS IN A HIGH-SPEED TWO-PHASE FLOW AT LOW

PRESSURES

F. A. Agafonova and B. 8. Filippovich
Inzhenerno-Fizicheski Zhurnal, Vol.

UDC 536.423.4

A description is given of a possible model of burnout in a high-speed
gas-liquid flow and of a method of calculation based on this model,
An experimental apparatus is briefly described, together with the re-
sults of a study of the critical heat fluxes for a steam-water mixture
in the dryness range above 0.5 at pressures to 10° N/n?,
meital data are compared with the theoretical values,

The experi-

Recently, much attention has been devoted to the
possibility of cooling intensely heated surfdces by
means of gdas-liquid and vapor-liquid mixtures with
a low volume content of condensed phase.

Under these conditions heattransferis much higher
than for pure vapor cooling and even higher than for
cooling with a liguid at the same mass flow rate. At
high flow velocities a gas-liquid mixture moves in an
annular or disperse-annular flow regime. At the sur-
face of the tube there is formed a very thin, gas-
entrained liquid film with a velocity greater than that
in the wall layer for purely liquid cooling (at the same
mass.flow rate). The rest of the liquid is dispersed
in the gaseous core of the flow. Between the film and
the core there is an exchange of liquid, which inten-
sifies heat transfer and supplies liguid to the film,
thus to some extent compensating for evaporation.
Moreover, the higher heat conductivity and the higher,
as compared with the vapor, density of the liquid in
the wall layer create much more favorable conditions
for heat transfer than vapor moving at the same ve-
locity. For these reasons both Soviet and foreign
scientists are showing considerable interest in this
method of cooling.

Recent studies [1-3] show that it is possible to as-
sume the existence of two different burnout mecha-
nisms in forced flows of gas—liduid mixtures. In a
flow of subcooled liquid and in the region of low vol-
ume contents of gas phase burnout is connected with
the fact that a transition from nucleate to film boiling
takes place in the wall layer. At higher gas phase con-
tents and high flow velocities burnout has a rather dif-
ferent character and generally occurs at lower heat
loads than in ordinary boiling.

If the flow velocity of the liguid in the film is suf-
ficiently high, the vaporization process at the wall
may be suppressed by convection and liguid may be
evaporated only from the surface of the film. In this
case the essential difference from the burnout mecha-
nism in ordinary boiling is that there is a sharp de-
terioration in heat transfer conditions as a result of
the total evaporation of the liquid film. The existence
of hurnout of this type is confirmed by visual obser-
vations and motion-picture photography of a heated
plate placed in a water-air flow moving at high veloe=
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ity. The frames reproduced in Fig. 1 show how the
film disappears as the heat load is increased from 0
to 1.5+ 10% W/m?, whereupon the plate is destroyed
{the motion~picture photography was carried out at
the Thermophysics Department of the Kalinin Lenin-
grad Polytechnic Institute by M. E. Lavrent'ev).

Fig. 1. Burnout of a plate in a disperse-annular
water-air flow (direction of flow from right to
left): a) at q=0 (continuous film breaking up at the

edge), b) q=0 (edge of continuous film recedes
from edges of plate), c) q=1.5 10°W/m? d) de-
struction of plate,

In the disperse-annular flow regime the wall layer
of liquid is continually replenished with droplets from
the flow core. Therefore the critical heat flux must
depend both on the flowrate of liquid in the film and
on the rate of replenishment.

At present, most effort is being concentrated on
creating a burnout model for a disperse-annular flow
that is amenable to mathematical description [2—4].
The construction of a sufficiently reliable calculation
method requires a detailed knowledge of the process
of diffusion of the liquid droplets, the distribution of
liquid over the cross section, and the stability con-
ditions for the film. These questions have still not
been adeguately investigated. In general, attempts
to calculate the critical conditions have been associ-
ated with the introduction of a number of coefficients,
unknown in the general case, which have to be deter-
mined experimentally [1-3].

The results of comparing experimental data with
the values calculated from the recommended expres-
sions are often unsatisfactory, Moreover, almost all
the published data relate to the high-pressure region.
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In this paper we propose a model which can be
used to calculate the critical heat flux in the disperse-
annular flow regime at low pressures.

It is assumed that for zero heat flux the wall film
has constant thickness. The flows of liguid to and
from the film are equal. If we supply an amount of
heat to the tube wall greater than that required to
evaporate the liquid supplied from the flow core, then
the film will grow thinner. It is assumed that there is
no vaporization at the tube wall and liquid is evapo-
rated only from the film surface. At high, near-critical
heat loads, even at a small distance from the inlet the
film becomes thin enough for stripping of liquid from
its surface to become negligible and all the moisture
from the core is trapped by the film. The total dis-
appearance of liguid from the wall leads to a sharp
deterioration in heat transfer conditions (burnout),
since evaporation of the liquid from the flow core is
insufficient to remove the heat supplied to the wall.

In [5] it was shown that the flux of solid particles pre-

cipitated from a turbulent gas flow can be approxi-

mately calculated from the expression
e
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The present authors have made an additional study
of the precipitation of liquid droplets from the dis-
perse core of a high-speed flow. It was found that in
the region of mass moisture contents from 0.1 to 0.5
the coefficient A depends only slightly on the concen-
tration of liquid in the flow core. In this range of
moisture contents in the first approximation for fine
droplets we may take A = 0.316, as in the usual Bla-
sius expression for the drag coefficient in a single-
phase flow, In exactly the same way, the valuen =
= ~0.25 proves to be correct.

The balance equation for the liquid dispersed in
the core for an element of tube length, neglecting the
thickness of the film as compared with the tube diam-
eter, is written in the form

2
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For a relatively small change in vapor content
along the tube it is possible to assume that the veloc-
ity is constant along the length. Then integration of
(2) using (1) with boundary condition ¢ =cp, when z =
=0, gives an expression for the change in the con-
centration, averaged over the cross section, of liguid
in the core along the length of the tube:
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With our initial assumptions the balance equation
for the liguid in the film for a tube element may be
written in the following form:

=g, dz

= dGp -G =Ddz 0, (4)
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The latter equation is integrated with the boundary
conditions

z 2z G, =0 ®)

As a result, for the specific critical flux we get
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For very short tubes Eqg. (6) does not hold, since
as the heat load increases conditions develop under
which boiling at the wall becomes inevitable and burn-
out is associated with instability of the two-phase
layer at the wall.

Equation (6) makes it possible to calculate the
critical heat flux if the distribution of liquid between
the film and the disperse core is known at the inlet
to the heated channel. On the basis of an analysis of
quite extensive data obtained by various authors [6—10]
on the liquid flow rates in the film in water-air flows
we obtained the equation

G b Wy

Bt 085 — o C ot
G - 0.985 — 0.44 log ‘—f’z\ 0) 10](7)

Equation (7) describes all the experimental data of
[6-10] with an accuracy of #+30%. In this case the pa-
rameter (pg/pl) (K] wg/U)2 was varied within the range
(1~100) . 10‘4, which in all cases corresponded to a
disperse-annular flow regime of the gas-liquid mix~
ture. It should be noted that (7) was obtained on the
basis of experimental data on water-air flows only,
since there is no such information in the literature
concerning vapor~liquid mixtures.

Equation (7) is easily solved for Gf/Gj by the meth-
od of successive approximations.

The proposed model will be incorrect in the case
of vaporization at the wall, since this may lead to
loss of stability and stripping of the film even before
its total evaporation,

Below we present the results of an experimental
study of burnout in the disperse-annular flow regime
for a steam-water mixture. The region of pressures
covered extended from 1.96 to 9.8 - 16° N/m®. The ex-
periments were conducted on stainless steel tubes
5+107° m in internal diameter and of length L = 0.240
and 0.425 m. Dry steam from a boiler was fed into
the inlet of the apparatus. In a mixer water was in-
jected into the steam and the steam-water mixture
obtained was fed into the working section, and then
into a condenser. The injected water was preheated
in an electric furnace.

The mass vapor content was varied in the range
from 0.5 to 0.9. The investigated range of vapor mass
flow rates was 200—1200 kg/mz' sec¢, which corre-
sponds to a liquid content by volume of less than 1%.
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Fig. 2. Specific critical heat flux gey (W/m? as a function

of the total mass flow rate of water My (kg/mz- sec) in the

flow for P = 2.94-10° N/m® and L = 0.24 (A) and 0.425 (B)

m: 1 and a) by calculation and from experimental data for

Mg = 318 kg/m? - sec; 2 and b) the same for Mg = 500 kg/
/m?- sec.
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In this interval the maximum values of the vapor
mass velocity were reached only at the highest pres-
sures. The vapor flow rate was determined from the
measured volume of condensate formed, the known
water injection rate, and the parameters of the steam
and the water before mixing. As a check, the heat
balance was computed. Over the entire test interval
we noted pressure pulsations with an amplitude of the
order of 10* N/m? and a period of about 0.5 sec. Since
the pressure pulsations are accompanied by flow rate
pulsations, while the vapor flow rate was not continu-
ously recorded, in practice we determined the aver-
age vapor flow rate. The maximum error was in de-
termining the injection flow rate. In the region of
small flow rates the relative measuring error reached
5%.

The working section was heated with alternating
current. The power output was computed from mea-
sured values of the voltage drop on the working sec-
tion and the current. The maximum measuring error
did not exceed 1%.

To record burnout, a thermocouple, connected to
the input of a regulating electronic potentiometer, was
soldered to the wall 10 mm from the outlet end of the
working section, When the wall temperature at the
site of the thermocouple reached 900° K the potenti-
ometer relay automatically disconnected the electrical
supply to the working section. To reach critical con-
ditions, the power suppliedwas continuously increased
until stable temperature fluctuations appeared at the
anticipated burnout site. The amplitude of these fluc-
tuations sometimes reached tens of degrees. The value
of the heat flux corresponding to this instant was taken
as the critical value, since a further slight increase
in the power supplied led instantaneously to a sharp
increase in temperature at the burnout site. The ex-
istence of stable wall temperature fluctuations pre-
ceding burnout has also been noted by other authors.
It may be connected with the presence of certain flow
rate pulsations in the system.

The results of the experiments are presented in
Fig. 2, for two vapor flow rates as parameter. The
figure gives the dependence of the specific critical
heat flux on the total amount of liquid in the flow. The
continuous lines correspond to the values calculated
from Eq. (6). It was assumed that A = 0.3164 andn =
=—0.25, while the Reg number was calculated from
the formula

Reg = 4Gg/n D by (8)

In the range of parameters investigated the pressure
drop along the length of the working section was of the
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same order as the average pressure determined as
the arithmetic mean of the pressures at the inlet and
outlet of the working section. This created additional
difficulties in analyzing the experimental data, since
the flow parameters varied considerably along the
length,

It is clear from the figure that gcp increases with
increase in M and falls with increase in vapor flow
rate. Comparison of Figs. 2A and 2B reveals that an
increase in the length of the section leads to a de-
crease in ey,

Comparison of the experimental and calculated re-
sults shows that Eq. (6) gives values of gcr close to
the experimental values.

NOTATION

G —specific mass flux of droplets from the core; e—drag coef-
ficient, c-concentration of liquid in flow core, kg/mz; w—average
flow rate; Re~-Reynolds number; A, n—constants; D—tube diameter;
z—longitudinal coordinate; q—specific heat flux; G—~total flow rate;
M~mass velocity; Ai—change of enthalpy upon vaporization; y—
dynamie viscosity; p~—density; O—surface tension; 7 = g1 +Gy(1 —~
- Gf/GZ)/Fngg]; F—tube cross-sectional area; P—average pressure,
Subscripts: g—gas phase; I—~liquid phase; f—film; sus—liquid suspended
in gaseous flow core; o=inlet section of heated length; cr—critical con-
ditions,
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